Objectives: Gold-standard overnight polysomnography does not reliably capture highly variable sleep patterns across the 24-hour day that are common with dementia and often problematic for carers. We evaluated the reliability of automatically scored actigraphy data as an alternative. Methods: Actigraphy recordings were analysed from 15 community-dwelling people with dementia (135 days total) and 14 of their family carers (124 days total). Manual scoring used participant sleep diaries to identify sleep periods. Automated scoring used the manufacturer's algorithm to score entire records. Results: For people with dementia, automated scoring identified more sleep fragmentation at night and increased sleep during the day, with comparable sensitivity but lower specificity than for carers. Conclusions: Automated scoring offers reasonable agreement with manual scoring and may better describe the fragmented nature of dementia-related sleep, which can be challenging to record accurately in a sleep diary. Automated scoring reduces participant burden and could improve research and treatment protocols.
Introduction
Dementia has effects on sleep that can be distinguished from those of normal ageing, particularly sleep fragmentation and disrupted circadian regulation [1] [2] [3] . Sleep disturbances are challenging for family carers to manage, often having a negative impact on their own sleep [4, 5] . Interventions to improve sleep and waking function of families affected by dementia are of interest because they might moderate symptoms, improving living well with the disease [4, 6] . However, trialling such interventions carries particular ethical and methodological challenges.
Previous studies indicate that older people, people with dementia (PWD) and carers tend to under-report or normalise sleep problems [5, 7] . This highlights the need for reliable and practical, objective sleep measures. Activitybased monitoring ('actigraphy') is a useful, cost-effective and non-invasive method for assessing daily sleep/wake cycles and has been validated against polysomnography (PSG) [8] . Actigraphy involves wearing a small wristwatchlike device that measures movement using an accelerometer. Each one-minute epoch is subsequently scored as asleep or awake. In the validated manual scoring method, the validated sleep scoring algorithm is applied to the time periods when the participant indicates that they were trying to sleep. These are noted in a sleep diary and/or by pushing an event marker button on the actigraph. Measures of sleep duration and quality are then generated for each sleep period and across the days of recording [9] .
Actigraphy has been successfully used with older people and PWD for describing sleep/wake patterns, screening for sleep problems and measuring outcomes of interventions. The advantage over PSG is that data can be collected continuously over multiple days. This is vital for PWD who often have variable sleep timing and quality [10] [11] [12] . Equivalent 24-hour PSG studies are not considered feasible or ethical with PWD, given their invasive nature. Furthermore, the occurrence of intrusive slow waves in the waking electroencephalogram of PWD makes interpretation of PSG difficult [13] .
Much previous dementia-related sleep research has taken place in institutionalised settings. We have recently used actigraphy in conjunction with sleep diaries to monitor the sleep of 15 PWD and their family carers living together at home [14] . Sleep was monitored for a week prior to, and at completion of, a non-pharmacological intervention (sleep education with timed exercise and bright light exposure).
The majority of PWD tolerated wearing the Actiwatch-2 TM (Mini Mitter, Philips, Respironics). However, as noted by others [e.g. 15] , there were challenges maintaining the sleep timing data required for reliable manual scoring. These included poor use of the event marker, PWD unsuccessfully completing the diaries, or carers being unable to maintain a reliable proxy diary, given the fragmented, unpredictable nature of their partner's sleep [16] .
Automated scoring of actigraphy data (without a participant sleep diary) has been considered less reliable for calculating the traditional sleep variables such as sleep duration and efficiency [17] . However, this form of analysis may be useful for capturing the fragmentation and day-to-day instability of PWDs' sleep [18] . The aim of the present study was to compare automated scoring of actigraphy with the traditional manual method, using the baseline data from our intervention trial [14] .
Methods
A convenience sample of 15 pairs of community-dwelling PWD and their family carers were recruited via local organisations and community advertising. PWD provided written consent when able; otherwise, proxy consent was obtained from the carer (verbal assent was also recorded). Approval was obtained from the Central Health and Disability Ethics Committee (CEN/11/01).
For one week, both PWD and carers were asked to wear an Actiwatch-2 TM on their non-dominant wrist, with an event marker to press at relevant times (e.g. at bedtime). Activity counts were recorded in one-minute epochs, and records were analysed using the manufacturer's software (Actiware 2015, Version 6: Mini Mitter, Respironics) [9] . This categorises each epoch as either 'sleep' or 'wake' based on the activity counts in that epoch plus weighted fractions from the two epochs before and after. The sum of the activity counts is compared to a set threshold for wake (here, the medium sensitivity setting of 40 counts was used). For manual scoring, times in bed ('rest intervals') were identified from participant's dairies for any sleep ≥10 minutes, in combination with event marker data. Periods were excluded from analysis if it was documented that the actiwatch was removed or data were unrepresentative (e.g. the participant was unwell). For automated scoring, the Actiware TM software was used to identify rest intervals, defined as periods without activity for 15 minutes or more (the shortest setting available). Times when the algorithm identified that the actiwatch was 'off the wrist' were excluded. For both scoring methods, sleep start was defined as the first of 10 consecutive minutes in which 9/10 minutes had no activity, and final wakeup as the last epoch of the last 10 consecutive minutes in which 9/10 minutes had no activity [9] .
Data analysis
Actigraphic data were available for all 15 PWD and 14 of the carers (one carer declined to wear the Actiwatch). The PWD recorded an average 6.5 days of data (range 3-11 days) yielding 135 days for analysis. Carers recorded an average of 6.9 days of data (range 4-8 days) yielding 124 days for analysis. For each participant, every one-minute epoch of data was categorised as 'rest', 'sleep', 'wake' or 'excluded', using both manual and automated scoring methods.
For all records, 'sleep propensity curves' were calculated in EXCEL software (Microsoft) by dividing the data into 24-hour segments (0000-2359) and calculating the % of days on which the participant was asleep (according to actigraphy) in each 10-minute interval across the day. SPSS software (SPSS Inc.) was used to calculate the percentage of epochs in agreement, the sensitivity and specificity for detecting sleep (as opposed to wake, rest or excluded) and wake (as opposed to sleep, rest or excluded) and the kappa statistic, which measures better-than-chance agreement [19] .
Results
The 15 PWD were aged 66-89 years (median 80 years). Type and severity of dementia varied (five had vascular dementia, five Alzheimer's disease, one Lewy Body Dementia, three undefined and one mild cognitive impairment). Scores on the Mini-Mental Status Examination [20] ranged Figure 2 : Combined sleep propensity data for people with dementia (n = 15, ≤7 days per participant, total 90 days) using manual and automated scoring methods. Curves show the percentage of participants asleep using each method, for each 10-minute interval from midnight to midnight. ( ) Manual; ( ) Auto. from 5 to 29 (median 18). Thirteen of the family carers were spouses, and the remaining two were children (median age 72 years, range 54-82). Figure 1 is an example of raw actigraphic data from a participant with advanced dementia, illustrating the variable and fragmented nature of sleep across the 24-hour day seen in this population. The sleep propensity curves in Figure 2 highlight differences between manual and automated scoring methods in identifying the distribution of sleep across the 24-hour day for the combined data for all PWD (≤7 days per participant). The automated method scored more sleep during the day and more wake at night than the manual method.
Epoch-by-epoch agreement rates for scoring sleep and wake are shown in Table 1 . The level of agreement between methods for scoring sleep was moderate for the PWD and high for the carers. The sensitivity of the automated scoring method for detecting manually identified sleep (number of true positives as a percent of the sum of true positives plus false negatives) was lower for PWD than for carers. Similarly, the specificity of the automated scoring method for detecting manually identified sleep (number of true negatives as a percentage of true negatives plus false positives), was lower for PWD. The level of agreement for scoring wake, which is of interest because of the typically fragmented nature of sleep with dementia, was fair for PWD and moderate for carers.
Discussion
In this comparison of actigraphy data collected during participants' normal routine at home, the level of agreement (not due to chance alone) between automated and manual scoring of sleep and wake was fair-moderate for PWD and moderate-high for carers respectively [19] . The automated method scored more epochs as sleep than the manual method, with much greater discrepancy between the methods for PWD than for carers (as indicated by lower sensitivity and specificity scores associated with the PWD data).
The sleep propensity curves revealed that for PWD, overall patterns of sleep timing were similar between scoring methods, but the automated method scored more sleep during the day and wake time at night than the manual method. These discrepancies are consistent with carers not detecting or recording some episodes of PWDs' sleep or wake and reflect the fragmented nature of sleep with dementia and caregiving [2] [3] [4] . They also highlight the limitation of actigraphy for discriminating between still wakefulness and sleep [11, 18] .
Conclusions
We conclude that automatic scoring of actigraphy data may be useful for capturing the fragmented and unstable patterns of PWDs' sleep. Studies using automated scoring without diaries could reduce participant burden and enable longer recording periods that might improve the reliability of the sleep/wake pattern assessment with this population [11] . The reliability of automatically scored actigraphy data for assessing sleep duration and efficiency has been questioned [17] ; therefore, these measures were not compared here. Further assessment of the validity of automated scoring for other specialist populations is warranted.
